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Background and Aims: Mega-wild fires are exposing large communities to weeks or months of high concentration smoke-related
fine particulate air pollution (PM). However, little research has examined the long-term vascular responses from exposure to PM of
this concentration and duration. We investigated whether level of exposure to 6 weeks of PM from the 2014 Hazelwood coal mine fire
was associated with abnormal vascular responses approximately four years later.
Methods: A cross-sectional analysis was undertaken of 387 participants (225 exposed, 162 unexposed) aged 55–89 years, 3.5–4 years
after the mine fire. The primary outcome was flow-mediated dilatation (FMD), with time to reach peak diameter as the secondary
outcome. Other secondary markers included high-sensitivity C-reactive protein (hsCRP) and ischaemic Electrocardiogram (ECG)
changes.
Results: There was no evidence of a difference in FMD between participants with high, medium, low or no mine-fire related PM2.5

exposure (4.09% vs 4.06% vs 4.02% vs 3.98%, respectively, p=0.99). Likewise, there was no difference in hsCRP or ischaemic ECG
changes. In contrast, there was evidence of a difference in time to peak diameter (p=0.002) with more unexposed participants reaching
peak diameter within 30 seconds (36%) compared to those who had high, medium, or low exposure (23%, 22%, 13%, respectively).
Multivariate ordinal logistic regression analysis suggested that township, Morwell (exposed) vs Sale (unexposed), but not level of
PM2.5 exposure, was associated with delayed time to peak diameter (OR 2.71; 95% CI 1.56, 4.69). Smokers also had delayed time to
peak diameter.
Conclusion: There was no association between level of exposure to PM2.5 from the 6-week Hazelwood coal mine fire smoke event
and reduced FMD, elevated hsCRP or ischaemic ECG four years later. Evidence of delayed time to peak diameter observed in adults
from the exposed town, compared to an unexposed town, requires further investigation.
Keywords: vascular responses, flow mediated dilatation, time to peak diameter, particulate matter, epidemiology, air pollution

Introduction
Both short (hours to days), and long-duration (months to years) exposures to fine particulate matter with an aerodynamic
diameter <2.5µm (PM2.5) from ambient air pollution have been associated with decreased vascular responses1,2 and
subsequent adverse cardiovascular outcomes.3,4 Decreased vascular response through endothelial dysfunction plays an
essential role in the process of atherosclerosis5 and is also linked to systemic inflammation.6 Flow-mediated dilation
(FMD) has been widely used as a non-invasive tool for examining peripheral artery endothelial function.7 Impaired FMD
has been shown to represent an early step in developing subclinical target organ damage and later cardiovascular disease
(CVD).8

However, particulate matter has a heterogeneous and dynamic chemical composition.9 The sources or chemical and
physical properties, concentrations and duration of PM exposures are important. To date, limited clinical studies have
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explored any association between high-concentration, medium-duration (weeks to months) PM exposure from landscape
fires such as wildfires or coal mine fire smoke and vascular responses. With climate change contributing to mega-
wildfires which are exposing large populations to smoke for weeks to months,10,11 evidence about the long-term
cardiovascular effects of high concentration, medium-duration PM exposure is increasingly important.

In February 2014, embers from a wildfire took hold in the Hazelwood power station open-cut brown coal mine,
Latrobe Valley, Victoria, Australia. It was estimated that 140 kT of coal burned over a six week period, worsening local
air quality, particularly in the adjacent town of Morwell (population 14,000).12 The Commonwealth Scientific and
Industrial Research Organisation’s (CSIRO) Oceans and Atmosphere estimated hourly PM2.5 concentrations as high as
3730 μg m−3 compared to usual background levels of 6 μg m−3.12

A Victorian State Government appointed Board of Inquiry into the fire led to the establishment of the Hazelwood
Health Study (HHS; www.hazelwoodhealthstudy.org.au), a collaborative program of research funded by the Victorian
Department of Health (DH). The ongoing HHS aims to determine the potential long-term health consequences of the
mine fire for the local population. Using daily counts of dispensed prescription medication from the Pharmaceutical
Benefit Scheme (PBS) database, the Hazelinks Stream of the HHS observed an association between 10 mg/m3 unit
increases in hourly PM2.5 concentrations and a 10% increase in dispensed cardiovascular medications over a lag range of
3–7 days exposure.13 Medical service utilisation data showed increases in general practitioner (GP) consultations, but
there was no observed increase in cardiovascular-specific services.14 Hazelinks also utilised mortality data from the
Australian Institute of Health and Welfare and estimated a 62% increase in risk of death from cardiovascular conditions
in Morwell (95% CI 25%-110%) during the six months after the mine fire, including an 88% increase in deaths from
ischaemic heart disease (IHD).15 In total there were 26 cardiovascular-related deaths in Morwell attributed to this six
month, post mine fire period, including 17 with IHD. These 26 cardiovascular deaths represented 38% of all cardiovas-
cular deaths in Morwell during this period.15

Three years after the mine fire, the HHS Early Life Follow up Stream demonstrated increased vascular stiffness,
measured using pulse wave velocity, in locally residing infants who were aged up to two years at the time of the mine
fire.16 During the 3.5 years after the fire, Hazelinks found that a 10 µg/m3 increase in individual-level mean PM2.5

exposure was associated with increased risk of cardiovascular related ambulance attendances (Adj HR:1.13; 95% CI
1.01, 1.28).17 However, approximately four years after the mine fire, the HHS adult Cardiovascular Stream observed no
differences between 330 residents of Morwell, and 165 residents of an unexposed comparison town, Sale, aged 55 years
and older, on clinical or subclinical cardiovascular markers including serum high sensitivity (hs) C-reactive protein
(CRP), blood pressure, electrocardiogram (ECG) and serum levels of hs-troponin, N-terminal pro B-type natriuretic
peptide and lipids.18

A subgroup of the adult Cardiovascular Stream participants underwent detailed assessment of endothelial function as
measured by FMD. The aim of the present analysis was to categorise participants into no, low, medium or high levels of
Hazelwood coal mine fire smoke-related PM2.5 exposure and undertake an in-depth investigation of any association
between endothelial function and category of PM2.5 exposure. A secondary aim was to compare hsCRP and ischaemic
ECG changes across the four exposure categories.

Materials and Methods
Study Design
The adult Cardiovascular Stream data collection was undertaken during October 2017 to May 2018, approximately 3.5–4
years after the mine fire. As shown in Figure S1, a weighted random sample of 1133 potential participants was drawn from
2198 people who had previously completed the HHS Adult Survey,19 lived in Morwell (exposed) or the comparison town of
Sale (unexposed) at the time of the mine fire and were males aged 55–89 years or females 60–89 years. Participants with
existing cardiovascular conditions were oversampled, such that they represented 50% of those invited.

The Cardiovascular Stream had a target sample size of 330 Morwell participants and 165 Sale participants. After
preliminary data collection from 145 participants in Sale, FMD (%) was found to have a mean of 4.4 and an SD of 2.54.
Hence, we assumed that the SD of FMD (%) was 0.6 times mean of FMD %. A meta-analysis20 reported that for a 1%
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increase in FMD (%), we would expect an 8% decrease in the future CVevent risk. So, a 1% difference in mean FMD (%)
between groups constituted a clinically important difference. In order to achieve 90% power to detect a 1% difference in
mean FMD (%) between groups (4.4 in Sale and 5.4 in Morwell) using a two-sample t-test, a sub-sample of 220 Morwell
and 165 Sale participants was required to complete FMD testing. Recruitment was by mailed invitation, with up to two
reminders and follow up phone contact attempted for non-responders. Recruitment and testing continued until target sample
sizes were reached or exceeded, after which non-responders were not pursued.

Air Pollution Exposure
Due to limitations in the ground level air pollution monitoring during the early days of the mine fire period, the CSIRO
Oceans and Atmosphere undertook modelling of the mine fire-related PM2.5 concentrations in the Latrobe Valley and
surrounding area.12 The model incorporated variables such as weather information including wind direction, speed and
temperature and calculations of the amount of PM2.5 released per unit mass of burning coal.12 It was found that the
National Environment Protection Measure was exceeded on 23 days in southern Morwell and 12 days in eastern
Morwell.

The town of Sale was estimated to have usual background levels (average PM2.5 concentration 6µg/m3) without any
elevation in PM2.5 concentrations and the air quality limits were not exceeded.21 Within Sale, 16 statistical areas Level 1
(SA1s) were selected which had comparable median age, household size, Socio-Economic Indexes For Areas (SEIFA)
and population stability as Morwell. By limiting recruitment in Sale to these SA1s, this comparison population was as
similar to Morwell as practically possible, with the exception of Hazelwood mine fire smoke exposure. CSIRO’s
modelled 12-hourly mine fire-related PM2.5 concentrations were mapped to participants’ time-location diaries which
had been collected as part of the Adult Survey, to estimate each participant’s average, and peak, daily level of mine fire-
related PM2.5 exposure over the six-week duration of the fire. The time-location diaries included participant’s residential
addresses, work addresses and any addresses to which they relocated, on each day and each night of the 6 week mine fire
period.

Outcomes and Covariates
FMD was obtained on the right brachial artery via a Vivid Q ultrasound system with a 12 MHz linear probe (GE
Healthcare, Haifa, Israel) at a standardised room temperature of 22–26°C. Any smoking or consumption of food, vitamin
supplements, caffeine or alcohol in the four hours prior to assessment, and any moderate to vigorous physical activity in
the 48 hours prior, were documented. Baseline brachial artery images were obtained after 10–15 minutes of supine rest.
The duration of cuff occlusion was five minutes. Following cuff deflation, images were obtained at 30-, 60-, 90-, 120-
and 180-second time intervals. The average diameter (mm) of the brachial artery over six R waves was measured at each
interval and deducted from the baseline diameter to obtain the relative change as a percentage of the baseline diameter.22

The maximal relative change was used as the FMD (%) value in the analysis. The primary outcome was FMD (%) with
time to reach peak diameter as the secondary outcome.

Other markers of vascular health, such as hsCRP23 and evidence of ischaemic heart disease based on 12-lead
electrocardiograph (ECG), were also assessed. A sample of blood was taken from a peripheral vein of unfasted
participants and hsCRP level was measured via the immunoturbidimetric method. A standard ECG was acquired using
a portable ECG Machine (Philips TC50, China) and then validated by a cardiologist (SB). Evidence of underlying
ischaemic heart disease, i.e., left bundle branch block, previous infarction, ST depression, T or Q wave abnormalities,
was documented. Abnormal results were communicated, with the participants’ permission, to their regular general
practitioners for further management as appropriate.

In order to assess the cardiovascular risk of the participants, the Framingham Risk Score was calculated based on age,
cigarette smoking, total cholesterol, high-density lipoprotein cholesterol, measurement of systolic blood pressure and
treatment for hypertension.24,25 Participants’ characteristics such as age, gender, ethnicity, education, employment status,
body mass index (BMI), smoking status, alcohol consumption, physical activity, occupational exposure, history of CVD,
diabetes mellitus, hypertension, hypercholesterolaemia, family history of heart attack or stroke, and medications were
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obtained by self-report questionnaire (See Table S1 for cardiovascular health, smoking, alcohol, physical activity and
ethnicity questions, and Table S2 for medications and corresponding ATC codes).

Smoking status was coded as either Non-smoker (<100 cigarettes in entire lifetime), Current smoker (≥ 100 cigarettes
and smoking on a regular basis) or Ex-smoker (≥100 cigarettes in entire lifetime, but no longer smoking). Alcohol
consumption was assessed using the Alcohol Use Disorders Identification Test - Consumption (AUDIT-C) tool, with
a score of 0 implying Non-drinker, a score of 1–2 for females and 1–3 for males indicating Low risk, and a score ≥3 for
females or ≥4 for males considered High risk.26

Adequate physical activity was defined as any vigorous physical activity or at least 150 minutes of moderate physical
activity for the previous seven days.27 Past history of CVD was defined as a self-reported doctor-diagnosis of myocardial
infarction, coronary artery disease, stroke and/or peripheral vascular disease. Participants who self-reported a doctor-
diagnosis of type 2 diabetes, were taking oral hypoglycaemic medications or insulin, or had a HbA1c ≥6.5% were coded
as having diabetes mellitus. Medications were recorded with associated WHO Anatomical Therapeutic Chemical
Classification System (ATC) codes (see Table S2 for a list of ATC codes).28 Occupational exposure was defined as
having worked as an emergency responder, or in a coal mine or power station, or in any job for at least six months where
the air contained a lot of dust, fumes, smoke, gas, vapour or mist.

Statistical Analyses
Demographic characteristics and health-related risk factors were compared using descriptive statistics. Weighting
methods were used to correct for over sampling of participants with a history of CVD, as well as possible selection
bias in the HHS Adult Survey. Categorical variables were analysed with weighted Pearson χ2 tests, while continuous
variables were compared using weighted t-tests. Simple descriptive statistics were used to compare outcomes between
Sale (unexposed) and tertiles of mine fire related daily PM2.5 exposure in Morwell (low, medium or high).

Linear regression was used to evaluate associations between mine fire-related PM2.5 exposure level and FMD (%)
controlling for key confounding factors including demographics, smoking and drinking status, as well as factors related
to underlying risk of cardiovascular diseases such as Framingham Risk Score and family history. Average baseline
diameter of brachial artery was also included as a confounding factor. Regression models were estimated with, or
without, township (Morwell vs Sale) as a potential confounder, to evaluate any residual confounding by township when
estimating the dose-response relationship between PM2.5 exposure and FMD %. Ordinal logistic regression was used to
evaluate associations between exposure and time to peak FMD, controlling for key confounding factors. The proportional
odds assumption of ordinal logistic regression was evaluated using approximate likelihood-ratio test.29 All regression
analyses accounted for post-stratification and sampling weights, sampling stratification (Morwell vs Sale) and clustering
at household level. Statistical analyses were performed using Stata version 15 (Stata Corporation, College Station, Texas
2015).

Ethics Committee Approval and Consent
The study protocol conformed to the ethical guidelines of the 1975 Declaration of Helsinki, the Monash University
Human Research Ethics Committee granted approval for this research (Project number 1078) and each participant signed
an informed consent statement prior to commencement.

Results
Description of Participants
Recruitment concluded when 336 Morwell residents and 162 Sale residents (n=498; 45%) had participated, of whom 387
(225 Morwell and 162 Sale) underwent FMD measurement (refer Figure S1). Exposed Morwell participants comprised
78 categorised as low PM2.5 exposure, 73 medium exposure, and 74 high exposure. The mean and peak daily PM2.5 levels
for each exposure category are provided in Table 1. Participants were generally well matched across the PM2.5 exposure
groups, including Framingham Risk Score, age, gender, employment status, education level, body mass index, alcohol
consumption, occupational exposure, past medical history, and family history of heart attack or stroke. However, fewer
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Table 1 Demographic and Clinical Profile of the Study Sample (N=387) Across Exposure Levels

Characteristic Exposure Level p value

Unexposed
N=162

Low
Exposure
N=78

Medium
Exposure
N=73

High
Exposure
N=74

Mean daily mine fire-related PM2.5 exposure µg/m3,
mean (SD)

0.09 (0.50) 6.25 (1.80) 11.2 (1.60) 28.6 (11.1)

Peak daily mine fire-related PM2.5 exposure µg/m3,
mean (SD)

5.52 (27.5) 87.5 (22.5) 143 (52.3) 421 (230)

Framingham Risk Score %, mean (SD) 0.25 (0.10) 0.28 (0.20) 0.25 (0.10) 0.26 (0.20) 0.37

Age group, n
55–64 years 35 (30%) 13 (19%) 15 (24%) 15 (25%) 0.64

65–74 years 75 (37%) 41 (50%) 31 (40%) 35 (41%)

75+ years 52 (33%) 24 (31%) 27 (36%) 24 (34%)
Gender (male), n 92 (57%) 49 (62%) 41 (54%) 42 (57%) 0.78

Ethnicity (Caucasian/White), n 157 (99%) 76 (99%) 69 (95%) 74 (100%) 0.031
Employment status, n
Employed 41 (29%) 12 (17%) 8 (14%) 12 (19%) 0.19

Retired 111 (66%) 59 (73%) 58 (78%) 56 (72%)

Other 8 (5%) 7 (10%) 7 (9%) 6 (9%)
Highest educational qualification, n
Secondary up to year 10 55 (33%) 32 (40%) 31 (41%) 26 (36%) 0.44

Secondary year 11–12 33 (21%) 12 (15%) 14 (20%) 10 (14%)
Certificate (trade/ apprenticeship/technicians) 55 (35%) 27 (36%) 23 (32%) 24 (30%)

University or other Tertiary degree 18 (11%) 7 (9%) 5 (8%) 14 (20%)

Body Mass Index, n
Underweight/Normal (BMI<25kg/m2) 40 (24%) 10 (16%) 14 (19%) 12 (18%) 0.34

Overweight (25≤BMI<30kg/m2) 57 (37%) 21 (28%) 29 (41%) 26 (37%)

Obese (BMI≥30kg/m2) 65 (39%) 47 (56%) 30 (41%) 36 (45%)
Smoking status, n
Non-smoker 86 (54%) 31 (39%) 37 (51%) 30 (42%) 0.029
Ex-smoker 68 (41%) 35 (44%) 33 (45%) 36 (46%)

Current smoker 8 (4%) 12 (16%) 3 (4%) 8 (12%)

Alcohol consumption, n
Non-drinker 37 (23%) 24 (30%) 16 (20%) 20 (27%) 0.21

Low risk 50 (31%) 20 (24%) 33 (45%) 27 (35%)

High risk 74 (46%) 34 (47%) 24 (35%) 27 (38%)
Limited physical activity, n 63 (40%) 36 (43%) 41 (58%) 47 (62%) 0.005
Occupational exposure, n 79 (48%) 47 (60%) 39 (49%) 34 (46%) 0.33

Past medical history, n
Cardiovascular disease 80 (45%) 35 (37%) 35 (41%) 38 (45%) 0.67

Diabetes 34 (19%) 26 (29%) 17 (23%) 23 (29%) 0.25

Hypertension 126 (77%) 66 (82%) 62 (84%) 63 (84%) 0.45
High cholesterol 22 (15%) 7 (9%) 11 (17%) 4 (4%) 0.08

Medications, n
Blood pressure lowering medications 99 (60%) 58 (70%) 50 (67%) 54 (72%) 0.28
Diabetes medications 18 (11%) 12 (13%) 14 (20%) 16 (19%) 0.28

Anti-inflammatory 12 (7%) 11 (15%) 3 (4%) 7 (9%) 0.15

Aspirin 12 (6%) 8 (9%) 14 (18%) 15 (17%) 0.010
Lipid modifying agents 63 (37%) 40 (49%) 33 (43%) 49 (65%) 0.002
Family history of heart attack or stroke, n 37 (21%) 18 (24%) 17 (24%) 19 (26%) 0.86

Notes: p values in bold are smaller than 0.05.
Abbreviations: PM2.5, fine particulate matter with an aerodynamic diameter <2.5µm; SD, standard deviation; BMI, body mass index.
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participants who had medium exposure were Caucasian (p=0.031) and more participants who had low exposure were
current smokers (p=0.029). In addition, there were fewer participant in Sale who were physically inactive (p=0.005) and
took aspirin (p=0.01) or lipid modifying agents (p=0.002) as regular medications, as described in Table 1.

Outcomes
Table 2 shows crude comparisons between unexposed, low, medium and high exposure participants. There was no
evidence of a difference in the average baseline diameter of brachial artery (0.48mm vs 0.48mm vs 0.47mm vs 0.46mm;
p=0.56), peak brachial artery diameter (0.49mm vs 0.50mm vs 0.49mm vs 0.48mm; p=0.50), FMD absolute value
(0.018mm vs 0.019mm vs 0.018mm vs 0.018mm; p=0.86), or FMD % (3.98% vs 4.02% vs 4.06% vs 4.09%; p=0.99). In
terms of other markers of vascular health, there was also no evidence of a difference in the average hsCRP level (3.19 vs
3.54 vs 3.75 vs 2.78mg/L; p=0.46) or the proportions with ischaemic ECG changes (15% vs 21% vs 29% vs 12%;
p=0.11), as shown in Table 2. However, there were more unexposed participants who reached peak diameter of brachial
artery within 30 seconds of cuff deflation compared to low, medium, and high exposure participants (36% vs 13%, 22%
and 23% respectively, p=0.002). The distributions of FMD % and time to peak diameter are shown in Figures 1 and 2,
respectively.

In multivariable regression models, neither PM2.5 exposure level nor residential township were associated with FMD%
after controlling for other confounding factors (refer Table 3). Males were found to have higher FMD % (Coef=2.12, 95%
CI:1.12, 3.12). Having a larger baseline brachial artery diameter (Coef=−17.05, 95% CI: −21.9, −12.2), being employed
(Coef=−0.92, 95% CI: −1.44, −0.40) and being an ex-smoker (Coef=−0.92, 95% CI: −1.44, −0.40) were found to be
associated with lower FMD %, as shown in Table 3.

Table 3 also summarises ordinal logistic regression models for time to peak diameter. Although individual level of
PM2.5 exposure was not associated with time to peak diameter, living in the exposed town, Morwell, during the mine fire
period was associated with delayed time to peak diameter (ORadj 2.71, 95% CI: 1.56, 4.69). Similar associations were
also shown for participants who were current smokers (ORadj 2.55, 95% CI: 1.39, 4.66) or had higher education (ORadj
1.53, 95% CI: 1.03, 2.26). Both regression models showed that differences between participants in medications, such as
aspirin and lipid modifying agents, did not seem to affect FMD % or time to peak diameter, as described in Table 3.

Table 2 Crude Comparison of Study Outcomes Between Unexposed, Low, Medium and High Exposure Levels

Outcome variables Exposure Level p value

Unexposed
N=162

Low Exposure
N=78

Medium Exposure
N=73

High Exposure
N=74

Mean (SD) Mean (SD) Mean (SD) Mean (SD)

Average baseline diameter of brachial artery (mm) 0.48 (0.10) 0.48 (0.10) 0.47 (0.10) 0.46 (0.10) 0.56

Peak brachial artery diameter (mm) 0.49 (0.10) 0.50 (0.10) 0.49 (0.10) 0.48 (0.10) 0.50

FMD (mm) 0.018 (0.001) 0.019 (0.001) 0.018 (0.001) 0.018 (0.001) 0.86

FMD (%) 3.98 (2.70) 4.02 (2.50) 4.06 (2.50) 4.09 (2.70) 0.99

High sensitivity C-Reactive Protein level (mg/L) 3.19 (4.80) 3.54 (3.60) 3.75 (5.90) 2.78 (2.90) 0.46

n (%) n (%) n (%) n (%)

Time to peak diameter 0.002

Peak within 30s 57 (36%) 11 (13%) 15 (22%) 17 (23%)

Peak between 30 and 60s 67 (43%) 33 (44%) 26 (36%) 22 (34%)

Peak between 60 and 90s 17 (10%) 18 (25%) 18 (26%) 22 (31%)

Peak after 90s 6 (4%) 8 (12%) 7 (10%) 5 (5%)

No response within 180s 12 (7%) 6 (7%) 6 (7%) 6 (7%)

ECG evidence of underlying ischaemic heart disease 21 (15%) 14 (21%) 15 (29%) 8 (12%) 0.11

Notes: p values in bold are smaller than 0.05.
Abbreviations: FMD, flow mediated dilatation; ECG, electrocardiogram.

https://doi.org/10.2147/VHRM.S339439

DovePress

Vascular Health and Risk Management 2022:18258

Mundisugih et al Dovepress

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Most participants (95% of the study sample) either had vitamin supplements or a meal/ cigarette/ alcohol/ coffee
within four hours prior to FMD measurement, or had undertaken moderate to vigorous physical activity within 48 hours
prior. However, the impact on FMD results or time to peak diameter between exposure levels seemed to be minimal as
shown in the regression analyses in Table 3.

Discussion
The key findings of this study were that level of exposure to PM2.5 from the six-week Hazelwood coal mine fire smoke
was not associated with impaired FMD results, elevated hsCRP or ischaemic ECG changes four years later in older
adults. Delayed time to peak diameter was observed in participants living in the most exposed town, Morwell, however
this was not associated with PM2.5 exposure category. That may mean that any level of PM2.5 during the 6-week mine fire

Figure 1 Comparison of FMD (%) distribution (A) between Morwell and Sale, and (B) between exposure levels.
Note: Statistical weighting not applied.

Vascular Health and Risk Management 2022:18 https://doi.org/10.2147/VHRM.S339439

DovePress
259

Dovepress Mundisugih et al

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


was sufficient to elicit this impairment. Alternatively, the difference between the two towns was caused by residual
unknown confounders which require further investigation.

These findings build upon previous HHS research showing increased dispensing of cardiovascular medications during
the mine fire,13 increased risk of cardiovascular-related deaths during the 6 months after the mine fire,15 increased
vascular stiffness in young children three years after exposure,16 increased ambulance call outs for cardiovascular-related
causes during the 3.5 years after the fire,17 but no increase in a number of cardiovascular markers in adults four years
after the fire.18 Combined, these findings suggest that adverse cardiovascular effects of the mine fire smoke may have not
persisted in older adults four years after exposure.

Both short- and long-duration exposures to PM2.5 have been related to reduced vascular response through impaired
endothelium-dependent vasodilation.1,2,30,31 Several mechanisms have been proposed involving systemic oxidative stress,
inflammation and autonomic imbalance.1,2,32 Nonetheless, the most harmful aspect of PM to vascular function and

Figure 2 Comparison of time to peak diameter distribution (A) between Morwell and Sale and (B) between exposure groups.
Note: Statistical weighting not applied.
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cardiovascular health may not be best quantified by mass concentration alone. PM has a heterogeneous and dynamic chemical
composition,33 which can have independent and potentially synergistic or antagonistic effects with each constituent.1

Our study provided unique insights into the impact of high concentration, medium duration coal mine fire PM2.5

exposure on vascular function. Whilst we might expect abnormal vascular responses in exposed participants, we were
unable to convincingly demonstrate endothelial dysfunction among older adults approximately four years after exposure
to smoke from the Hazelwood coal mine fire. Our study showed endothelial function measured by FMD was not
significantly different between the four groups at different exposure levels. After adjustment for potential confounders,
the FMD results were still not influenced by the coal mine fire PM2.5 exposure level. This lack of an observed impact on
vascular function is further supported by the lack of differences in the hsCRP levels and lack of evidence of changes in
underlying ischaemic heart disease on ECG.

Considering our analysis was conducted almost four years following a medium-duration exposure, there is
a possibility that an acute association between the exposure and decreased vascular response was missed. Our previous
findings of increased dispensing of cardiovascular medications during the mine fire,13 and increased risk of cardiovas-
cular-related deaths during the 6 months after the mine fire,15 support this possibility. The increase in cardiovascular-
related deaths within a few months of the fire could have contributed to a “harvesting” effect whereby some of the

Table 3 Potential Predictive Factors for Flow Mediated Dilatation and Time to Peak Diameter

Predictors Flow Mediated Dilatation
(%)a

Time to Peak Diameterb

Coef (95% CI) p value OR (95% CI) p value

Mine fire-related daily PM2.5 (per 10 µg/m3) 0.04 (−0.19, 0.26) 0.76 0.94 (0.77, 1.13) 0.49
Lived in Morwell −0.11 (−0.74, 0.51) 0.72 2.71 (1.56, 4.69) <0.001
Age (per 10 years) −0.05 (−0.46, 0.36) 0.81 1.13 (0.81, 1.59) 0.47

Male 2.12 (1.12, 3.12) <0.001 0.82 (0.40, 1.66) 0.57
Certificate, University or other Tertiary Institute degree −0.05 (−0.58, 0.48) 0.85 1.53 (1.03, 2.26) 0.03
Employed −0.89 (−1.56, −0.22) 0.009 0.83 (0.50, 1.38) 0.47

BMI 0.05 (−0.01, 0.10) 0.09 1.00 (0.95, 1.04) 0.91
Alcohol consumption
Non-drinker Ref Ref

Low risk (AUDIT-C score: Females 1–2, Males 1–3) −0.41 (−1.14, 0.32) 0.27 0.88 (0.50, 1.55) 0.66
High risk (AUDIT-C score: Females ≥ 3, Males ≥ 4) −0.30 (−1.05, 0.45) 0.43 1.08 (0.64, 1.85) 0.77

Smoking status
Non-smoker Ref Ref
Ex-smoker −0.92 (−1.44, −0.40) <0.001 0.71 (0.46, 1.09) 0.11

Current smoker 0.15 (−1.04, 1.34) 0.80 2.55 (1.39, 4.66) 0.002
Framingham Risk Score % −1.52 (−3.71, 0.67) 0.17 0.35 (0.06, 2.05) 0.25
Family history of heart attack or stroke 0.34 (−0.23, 0.92) 0.24 1.19 (0.76, 1.86) 0.44

Average baseline diameter of brachial artery (mm) −17.05 (−21.9, −12.2) <0.001 1.41 (0.03, 57.35) 0.86

History of cardiovascular disease −0.24 (−0.72, 0.24) 0.33 1.02 (0.65, 1.59) 0.94
Occupational exposure −0.32 (−0.84, 0.20) 0.22 0.87 (0.58, 1.30) 0.49

Taking aspirin −0.07 (−0.79, 0.65) 0.84 0.72 (0.39, 1.34) 0.30

Lipid modifying agents −0.33 (−0.84, 0.17) 0.20 1.18 (0.79, 1.77) 0.43
Vitamin supplements within 4 hours or moderate to vigorous
physical within 48 hours prior to FMD measurement

−0.15 (−0.68, 0.37) 0.56 0.77 (0.49, 1.21) 0.26

A meal, a cigarette, alcohol or coffee within 4 hours prior to
FMD measurement

−0.04 (−0.89, 0.81) 0.93 0.89 (0.51, 1.53) 0.67

Notes: p values in bold are smaller than 0.05. aMultivariable linear regression model (weighted and imputed) was used to evaluate associations between predictors and FMD
% controlling for all listed confounding factors. b Ordinal logistic regression model (weighted and imputed) was used to evaluate associations between predictors and time to
peak FMD, controlling for all listed confounding factors.
Abbreviations: PM2.5, fine particulate matter with an aerodynamic diameter <2.5µm; SD, standard deviation; BMI, body mass index.
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residents most vulnerable to a reduced vascular response subsequently died and were, therefore, excluded from this four-
year followup study.

The increased dispensing of cardiovascular medications may reflect the possibility that residents with known chronic
heart conditions took precautionary and protective measures. It was also possible that some residents with known chronic
heart conditions relocated from the smoke-effected areas. Both of these protective measures would potentially reduce the
likelihood of finding an association between level of PM2.5 exposure and vascular function four years later. Most
previous studies measured vascular response within a few days or weeks of the exposure.2,34–36 It is also possible that
improvement in the air quality after the exposure would lead to gradual improvement of endothelial function. One study
suggested impaired endothelial function could be favourably influenced by reducing indoor PM2.5 in a woodsmoke-
impacted community.37

The multivariable analysis of the FMD identified average baseline brachial artery diameter as the strongest predictor
of reduction in FMD, followed by former smoking and being employed. On the other hand, male gender was associated
with greater FMD. These findings are consistent with previous studies where FMD correlated positively with male
gender, but negatively with baseline brachial artery diameter.38,39 In contrast, being an ex-smoker and being employed as
negative predictors of FMD still remain unexplained.

Measurement of time to peak diameter as a potential marker of vascular response has attracted interest. One study
demonstrated that individuals with metabolic syndrome had preserved FMD, but delayed time to peak diameter.40 It was
suggested that time to peak diameter may provide new insights into the vascular phenotype.40 Although Liuni et al41

interpreted the time to peak diameter as at least partially nitric oxide independent, their study also revealed there was
a significant positive correlation between age and time to peak diameter. Similarly, Black et al42 demonstrated
a significant difference between time to peak diameter in cohorts of young and older healthy subjects, suggesting that
these findings may have been due to the decrease in arterial compliance that was associated with advanced age. As
a result, those studies might support the hypothesis that arterial stiffness might delay time to peak diameter, but not
reduce FMD %.41

In our study, there was a significant difference in time to reach peak diameter between exposed and unexposed
participants. After adjustment for known potential confounders, current smoking and living in Morwell, but not PM2.5

exposure level, were strong independent predictors of delayed time to peak diameter. While it has previously been
documented that smoking increases arterial stiffness,43–45 the association between delayed time to peak diameter and
living in Morwell is not fully explained. It is possibly due to residual unknown confounders, such as diet, physical
activity or occupation. Further longitudinal population studies of participants living in Morwell or similar towns would
be required to verify those potential unknown confounders.

Study Strengths and Limitations
Our study provides unique insights into the impact of a medium duration exposure to coal mine fire emissions on
vascular responses in older adults. When combined with our previously reported findings which were based on
longitudinal administrative health datasets13,15,17 and clinical studies in infants,16 these detailed clinical data from
older adults exposed to the mine fire provide a comprehensive overview of the impacts of mine fire smoke on the
effected community’s cardiovascular health. A further strength of this study is its use of detailed individual daily PM2.5

exposure estimates drawing upon sophisticated modelling techniques12 and participant’s detailed time-location diaries.
Additionally, our study looked into the potential utility of time to peak diameter measurement in real life cases and our
findings suggest it could be a useful adjunctive measure of vascular status.

However, this study has some limitations that need to be acknowledged. Firstly, this was a cross-sectional analysis
and temporality could not be established. Secondly, FMD measurements during or immediately after the exposure were
not available. Those measurements might have provided a better reflection of the short-term impact of coal mine fire
smoke on vascular endothelial function. Thirdly, there were potential unknown confounders that might have influenced
the time to peak diameters.
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Conclusions
Medium-duration exposure to high concentration coal mine fire smoke was not associated with reduced FMD or delayed
time to peak diameter four years later in older adults. Combined with previous findings, these data suggest that adverse
cardiovascular effects of the mine fire smoke observed during the first 3 years or so after the event, have not persisted in
older adults after four years. However, future linkages with healthcare utilisation data may confirm the longer-term
cardiovascular effects in this community. This is an important topic, not just because the incidence of coal mine fires is
increasing across the globe46 but also because mega wildfires such as those in South-eastern Australia,10,47 the west coast
of the US11 and Greece48 have exposed large communities to smoke for weeks and months. Our research should assist
governments and policy makers to make an appropriate public health response to similar events in the future.
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